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Abstract: This paper presents a personal overview of the development of microstrip patch 
antennas. The concept of the microstrip patch antenna originated in the 1950’s, but it did not 
attract serious attention until the 1970’s. In the four decades since, there are literally thousands 
of papers on this antenna. It is impossible to include all noteworthy developments in this short 
talk and the speaker apologizes at the outset to those researchers whose work is not mentioned. 
The presentation begins with a general description on early history, followed by the development 
of various topics, including simulation softwares, broad-banding techniques, circular 
polarization, dual/multi- band/reconfigurable designs, and size-reduction techniques. An 


extensive list of references is given. 
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Outline 


Early History 


1.1 Basic geometry and popular feeding methods 
1.2 The transmission line model and the cavity model 
1.3 State of affairs in the mid 1980's 


Topical History 


2.1 Full wave analysis and simulation softwares 
2.2 Broadbanding techniques 

2.3 Circular polarization 

2.4 Dual/multi- band designs 

2.5 Reconfigurable patch antennas 

2.6 Size reduction techniques 
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1.1 Basic geometry and popular feeding methods 


The basıc structure consists of an area of metallization on top of a 
ground plane and fed against the ground at an appropriate location. 


m Rectangle 
Thin dielectric 

substrate 

| © Disk 


Ring 


/N Triangle 





Ground plane 
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Three Popular Feeding Methods 





Coaxial probe 





microstrip line 





, oo Aperture-coupled feed 
ener ante (Introduced by D. M. Pozar in1985) 
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Summary of Advantages and Disadvantages of Feeding 
Methods 


eEasy to match 





e[ arge inductance for thick substrate 


Coaxial Feed 


e[.ow spurious radiation eSoldering required 


*Monolithic 
Microstrip Line _ | *Easy to fabricate 
eEasy to match by controlling Insert position 


eSpurious radiation from feed line, 
especially for thick substrate when 
line width is significant 


eUse of two substrates avoids deleterious effect of a 
high-dielectric constant substrate on the bandwidth 


and efficiency eMultilayer fabrication required 


Aperture Coupled | *No direct contact between feed and patch avoiding | *Higher backlobe radiation 


large probe reactance or wide microstrip line 


*No radiation from the feed and active devices since a 
eround plane separates them from the radiating patch 
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1.2 Physical models and full wave analysis 


1.2.1 Transmission line model of rectangular patch 


A. G. Derneryd, A theoretical invesigation of the rectangular microstrip 
antenna IEEE Trans. Antennas Propag., Vol. 26, pp. 532-535, July 1978. 


H. Pues and A. Van de Capelle, Accurate transmission-line model for the 
rectangular microstrip antenna, Proc. IEE, Vol. 131, pp. 334-340, December 
1984. 





Fringing fields as radiation sources. Equivalent circuit for the patch antenna 
Represented by two slots. 
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1. 2. 2 The ie Cavity Model 


Y. T. Lo, D. Solomon and W. F. Richards, "Theory and experiment on microstrip 
antennas," IEEE Trans. AP, vol. 27, pp. 137-145, 1979. 


AZ. 
"Ras" 








W. F. Richards, Y. T. Lo , D. D. Harrison, “An improved theory for microstrip antennas 
and applications,” IEEE Tran. A&P, Vol. 29, pp. 137-145, 1979. 


The region between the patch and the ground plane is regarded as a leaky cavity, 
where radiation is leaked out from the sidewalls. 


The basic assumption is that the substrate thickness is assumed to be much smaller 

than wavelength so that the electric field has only a vertical (z) component which does 

not vary with z. From this it follows that: zt 

(1) The fields in the cavity are TM (transverse magnetic). 

(2) The cavity is bounded by magnetic walls (H, = 0) on 
the sides. 

(3) Surface wave excitation is negligible. 

(4) The current in the coaxial probe is independent of Z. 
The coaxial probe is modeled by a current ribbon of a certain width, which is a free 


parameter chosen to fit the experimental data. 
Copyright © Dr. Kai-Fong Lee 
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1.3 State of f patch antenna in the early 1980's 


The state of patch antenna in the early 1980's can be 


partially summarized below: 


A. 


The characteristics of rectangular , circular, annular-ring and 
equitriangular patches were largely established theoretically 
(via cavity model) and verified experimentally. 


Typical characteristics of the lowest mode are: broadside 
radiation patterns; about 5 dBi gain and 396 impedance BW. 


Narrow bandwidth was widely recognized as a problem and 
there was considerable interest in frequency tuning and 
broadbanding techniques. 


Full wave methods were being developed. 
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1.3 State of pa 





tch antenna in the early 1980's 


Two books and a January 1981 Special Issue of the AP 
Transactions helped draw the attention of the antenna 
community to this relatively new antenna: 


e |. J. Bahl and P. Bhartia, Microstrip Antennas, Artech House, 
1980. 

e J. R. James, P. S. Hall and C. Wood, Microstrip Antenna 
Theory and Design, Peter Peregrinus, 1981. 


e IEEE Transactions on Antennas and Propagation, January 
1981 Special Issue. 
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2. Topical History 


2.1 Full Wave Analysis and Simulation Softwares 





To apply full wave analysis to a microstrip patch antenna configuration, Maxwell’s 
equations have to be solved , subject to the boundary conditions of the geometry. 
This can only be done numerically. There are three main approaches - integral 
equation (moment of moments), finite difference time domain, or finite element. In 
the early 1980's, the main attention was in the integral equation approach. The 
early investigators include: 

D. M. Pozar , J. R. Mosig, E. H. Newman, W. C. Chew, T. Itoh. 


Advantages of the Full-wave Method 


= — No-AD HOC correction factor 

" In principle good for thick substrate 

" Can handle dielectric cover and parasitic elements 
= Can handle arbitrary patch shapes 


Disadvantages of the Full-wave Method 


" Need extensive computation time 
" Little physical insight 


11 
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Some commercially available microstrip antenna CAD tools 


Software name Company 
Ensemble Ansoft 
IESD Mentor Graphic/Zeland 
Momentum HP 
PiCasso EMAG 


PCAAD nis Design Associates, 
Micropatch Microstrip Designs, Inc. 

Fidelity Zeland 

HFSS Ansoft 
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2.2 Broadbanding Techniques 


Beginning in the mid-1980's and throughout the 1990's, a lot of 
research was devoted to broaden the bandwidths of patch 
antennas. The methods developed for efficient wideband patch 
antenna design have one or more of the following features: 


A. Thick substrates of low permittivities are used. 


B. A scheme is devised to reduce the mismatch problem associated 
with thick substrates. 


C. By means of parasitic elements or slots, either new resonances 
are introduced close to the main resonance or existing 
resonances are brought close to one another so that an overall 
broader band response is obtained. 





"Ce SS EN 


The designs deveined include: 


® Annular gap probe compensation (Hall 1987} 
è Patch with coplanar parasitic elements (Kumar and Gupta, 1984} 
e Stacked patches* (Sabban 1983; Chen et al. 1984; Lee, Lee, Bobinchak 1987) 
e Aperture coupled patches* (Pozar 1985; Croq & Papernik 1990; 
Targonski et al. 1998) 
e The U-slot patch* (Huynh and Lee 1995; Lee et al. 1997; Tong et al. 2000) 
e Variations of the U-slot patch (E patch: Ooi and Shen, 2000; Yang 
et al. 2001; Wong and Hsu, 2001; V slot: Rafi and Shafai 2002) 
e The L-probe fed patch* (Luk et al. 1998; Mak et al. 2000; Guo et al. 2001) 


According to two recent Antenna Handbook chapters, authored by J. Huang and 
L. Shafai respectively, the four methods designated by a * (stacked patches, 
aperture coupled patches, U-slot, L-probe) are probably the more popular ones. 
Some details of these will be given in the next several slides. 


pv INVE EROS 
COAXIAL FED PATCHES 
WITH PARASITICS OR SLOT 








Stacked parasitic patch U-shaped slot 


Parasitic —_ 


Substrate 1 
Substrate 2 


U Slot 


i" 


Fed patch 





Patch 


£ 
i I | Substrate p. | 


Coaxial feéd "he Coaxial "d p piang 
(b) (c) 
Single-layer, single 
Seldom exceeds 2096 patch; 
BW; More than one layer Easily achieve 30% BW; 


Thick substrate ~ 0.08A,; 
High cross pol in E plane 





Patch Dielectric substrate 














Ground plane ^ 
I 4 Aperture 


d . Dielectric 


Pd y 
zi 


Microstrip Feed 
line 





Non-resonant slot: About 10% BW 
Resonant slot: About 20% BW 
High back lobe radiation 


Top view 








A 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 


i S 
B EE ME E 
: < 
Microstrip Top Patch 
line Aperture , 
| | x 
side view ' ... Bottom 
! | Patch 
l Y 
n— E 


v 
N 
Microwave Ground plane 
Substrate 


50-60% BW achievable; 
Several layers; 


High back lobe radiation ^^ 
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Patch 


F 


M LL Plastic post 





S L shaped 
hw probe 

















Ground plane 


uum 





(a) Perspective view (b) Side view 


The horizontal arm of the probe, in conjunction with the patch, provides 
a 2nd resonance. It also provides a capacitance to counteract the probe 
reactance. This design has only one patch and one layer. Typical BW is 
about 30% for foam/air substrate of about 0.08), thickness. n 
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2.3.1 Single- feed circularly polarized patch antennas 





(c) (d) 
(a) Almost square patch. (b) Almost circular (elliptical patch). (c) Square patch with 
truncated corners. (d) Circular patch with indentations. 
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Early — on : single fe feed m polarized patch 
antennas: 


e W. F. Richards, Y. T. Lo , D. D. Harrison, *An improved 
theory for microstrip antennas and applications," IEEE 
lran. A&P, Vol. 29, pp. 137-145, 1979. 

e S. A. Long, L. C. Shen, D. H. Schaubert, R. G. Farrar, “An 
experimental study of the circular-polarized elliptical 
printed-circuit antenna," IEEE Trans. A& P, Vol. AP-29, 


pp.95-99, 1951. 


It was found that the small perturbation has to be just the 
right amount at the desired frequency to produce two 
orthogonal polarizations with the same amplitude but 
90? out of phase. Consequently, the axial ratio 
bandwidths are extremely narrow, usually about 0.596. ` 
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Three relatively wideband single feed CP atch 
antennas 





= Z 
— C 
SMA connector — t hoa 
y 


(a) U-slot in a square patch (b) Square patch with (c) Modified E-patch with 
with truncated corners asymmetrical U-slot asymmetrical slots 
(Yang et al. 2008) (Tong & Wong 2007) (Khidre et al. 2013) 
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Dual Feed CP Patch Antenna 


Each feed excites a linearly polarized mode. 





— The two modes are of orthogonal polarization. 

— A feeding network is to provide the two ports with equal 

— amplitude but phase quadrature excitations. 

— Achievable bandwidth ^ 1096 while keeping substrate thin 
(«396 À, ) 





Dual feed CP patch antenna 
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Sequentially rotated CP subarray 
e J. Huang, “A technique for an array to generate circular polarization with 
linearly polarized elements,” IEEE Trans. AP, vol. 34, pp. 1113-1124, 1986. 


e P. S. Hall, "Application of sequential feeding to wide bandwidth circularly 
polarized microstrip patch arrays, “IEE Proc. vol.136H, no.5, pp.390-398, Oct 
1989 


Elements are rotated in space and fed with phase shifts. Radiation from higher- 


order mode tends to be reduced because of symmetry, resulting in good cross-pol. 
ó - 0* 





(b) 
2x2 CP subarray with sequential rotation (a) each element is a CP patch; (b) each element 
is a LP patch. 22 
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2. 4 Dual/multi- band designs 
2.4.1 Small frequency ratios (f ,/f, « 1.5) 


A. Stacked patches 


conducting patch | d 
















driven patch 0, 8mm substrate 
ha-pl 
foam *ip coaxial probe 
E parasitic patch | man | —————————— M | hpl p2 
— Roo rensa 
parasitic patch 2 | L | 3 | hp2-p3 
OE recte mer 
parasitic patch 3 i Lp4 | | hp3-p4 
parasitic patch 4 | 7 
. z input niei | B 7* eroundolae m 
(a) Dual band (b) Multi-band 
S. A. Long and W. D. Walton, J. Anguera et al., IEEE Microwave and 
IEEE Trans. AP, vol. AP 27, pp. 270-273, 1979. Wireless Component Letters, 2003. 
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S. E. Davidson, S. A. Long and W. F. Richards, "Dual-band 
microstrip antennas with monolithic reactive loading," Electron. 
Lett., Vol. 21, pp. 936-939, 1985. 








N FT. SPAREN ITY OF MISSISSIPPI 
C. Use of U-slots to introduce band notches in a 


broadband antenna 


Lee et al. “On the use of U-slots in the design of dual and 


triple-band patch antenna,” IEEE Ant. and Prop. Magazine, vol. 
53, pp. 60-74, 2011. 








z | Ground 
| x + plane 


Ý —— ye 
SMA L-Probe (H, ) d | 
Eon (b) (c) 











D 
T CO 
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o — 
w 
— Measured - 
------- Simulated 
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Frequency (GHz) 





Frequency (GHz) 


Frequency (GHz) 








D. Use of Dual Modes 


SBMALE E px DTN LV’ 
2.4.2 Large frequency ratios (f/f, » 1.5) 
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S. S. Zhong , Y. T. Lo, "Single-element rectangular microstrip antenna for dual-frequency 


operation," Electron. Lett., Vol. 19, pp. 298-300, 1983. 





0.6 cm —» k— 
Geometry of a rectangular patch antenna with 
six possible shorting pins and a short match 
stub. 


|: 
| 
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(D 

(1X2) 
(1X2Y(3) 
(1X2) 3X6) 


(1X2) 3 X86) 


(1) to (6) 


613 
664 
706 
792 
813 
54b 
aa] 


Resonant frequencies of the TM,, and TM, 
modes against shorting pins used. 


1861 
1874 
1865 
1365 
1365 
1365 
1865 


Number of Ping Pin Position fa (MHz) fog (MHz) fofi 


3.04 
2.52 
2.54 
2.36 
2.29 
2. 2l) 
2.09 
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E. Use of slots and stubs 


A. A. Deshmukh and K. P. Ray, “Multi-band configurations of stub-loaded 
slotted rectangular microstrip antennas,” IEEE Ant. and Prop. Magazine, vol. 
50, pp.89-103, 2010. 





„40 
0.47 
y 
= 
un 
= 
a 
Z 
> 
2 
2 | 
600 800 1000 1200 1400 
"600 Frequency (MHz) 1200 Frequency (MHz) 
(a) Triple band sub-loaded U-slot patch (b) Quadruple band rectangular patch 


antenna, €, =4.3, h=0.159 cm with 2 unequal length half U-slots, 
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2. 5 Reconfigurable patch antennas 


2.5.1 Frequency reconfigurable designs 


(a) P. Bhartia, |. Bahl, “A frequency agile microstrip antenna," IEEE AP-S Int. 
Symp. Digest, pp. 304-307, 1982. 

(b) D. H. Schaubert, F. G. Farrar, A. R. Sindoris, and S. T. Hayes, "Microstrip 
antennas with frequency agility and polarization diversity," IEEE Trans. 
Antennas Propagat., Vol. AP-29, pp. 118-123, 1981. 





(a) Resonant frequency versus bias voltage for a 
varactor-loaded rectangular patch antenna. 


(b) Resonant frequency versus separation of 
posts for 6.2 x 9.0 cm rectangular patch antenna 
with <, = 2.55, t= 1.6 mm. 
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(c) ) Tuning by Means of an Me" Air-gap 





K. F. Lee, K. Y. Ho and J. S. Dahele, Circular-disc microstrip antenna with 
an air gap, IEEE Trans. Antennas & Propagat., AP-32, 880-884, 1984. 





Substrate | f Conducting 
i f. ()- £(0), E 
eff 
Air gap . (i ; A) 
Ep = 
(t + Ae, ) 





Eum 


Ground plane 
Geometry of a microstrip patch antenna with an air gap 
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(d) F. Yang and Y. Rahmat-Samii, "Patch antenna with switchable slot (PASS) in 
wireless communications: concepts, designs and applications," IEEE Antennas and 
Propagation Magazine, Vol. 47, No. 2, pp. 13-29, 2005. 
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(e) S.L.S. Yang, A.A. Kishk, K.F. Lee, "Frequency Reconfigurable U-slot Microstrip 
Patch Antenna," IEEE AWPL, vol. 7, pp. 127-129, 2008. 
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2. 5.2 Polarization reconfigurable designs 


A. Square patch with switching diodes B. Patch with switchable slots (PASS) 
(Schubert et al. 1981) (Yang et al. 2002) 
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U-Slot Patch with Reconfigurable Polarization 
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3.6 Size Reduction Techniques 


The size of the patch can be reduced by using high dielectric constant. 
However, the resulting patch antenna will have narrow impedance bandwidth. 
This motivates the search for other size reduction methods. 


Shorted Quarter Wave Patch 
By placing a shorting wall along the null in the electric field across the center of 
the patch, the resonant length can be reduced by a factor of two (Pinhas & 
Shtrikman 1988; Chair et al. 1999; Lee et al. 2000). The area occupied by the 
patch will be reduced by a factor of four, if the aspect ratio is kept the same. 


shorting plane 


patch shorting plane 


(a) Top view; (b) Side view. 
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Patches with Shorting Pin and Folded Patch Antennas 


A suitably placed shorting pin can reduce the resonant length of a circular patch by a 
factor of three, and the area of the patch by a factor of nine (Waterhouse et al. 
1998). . Broadbanding techniques such as stacked patches, U-slot patch, and L-probe 
fed can be applied to obtain small size wideband patch antennas (Shackelford et al. 
2003). All these methods result in radiation patterns with high cross polarization. 
This may not be a disadvantage in indoor mobile communication applications. A low 
cross polarization design is that of the folded patch, which, however, is thicker and 
more difficult to fabricate (Luk, Chair, and Lee 1998). 
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Other matod dude modification of the ground plane to increase 
the current path and the use of metamaterials to manipulate the 
permittivity as well as the permeability. 





The above methods were originally developed for linearly polarized 

patch antennas. Suitably modify, they can also be applied to 

a the patch size of circularly polarized patch antennas. For 
etails, see: 


e H.Wong, K. M. Luk, C.H.Chan, Q. Xue, K. K. So and H. W. Lai, 
“Small antennas in wireless communications,” IEEE Proc. Vol. 100, 
pp. 2109-2121, 2012. 


A summary of the characteristics, advantages and disadvantages 
of Mom miniaturization techniques is given by a recent review 
article: 


e M. U. Khan, M. S. Sharawi, R. Mittra, "Microstrip patch antennas 
miniaturisation techniques: a review", IET Microwaves, Antennas & 
Propagation, vol. 9, pp.913-922, 2015. 
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